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ABSTRACT The central paradox of cardiac excitation-contraction coupling is that Ca2+-induced Ca> release (CICR), an
inherently self-regenerating process, is finely graded by surface membrane Ca2+ current (lCa). By using FPL 64176, a novel Ca2+
channel agonist that reduces inactivation of Ica' a rapid negative control mechanism was unmasked at the Ca2+ release level
in isolated rat ventricular myocytes. This mechanism terminates CICR independently of the duration of trigger lCa and before
the sarcoplasmic reticulum becomes depleted of Ca>. In its ability to be reactivated by incremental increases in trigger ICa, this
mechanism differs from conventional inactivation/desensitization and is similar to the mechanism of increment detection or
adaptation described for intracellular Ca2+ release channels. These results indicate that ryanodine receptor adaptation regulates
Ca2+ release in cardiac muscle, accounting for or contributing to the graded nature of CICR and, additionally, permitting stores
to reload at later times during Ca2+ entry.
INTRODUCTION
In mammalian heart, it is believed that calcium entering the
cell via the L-type calcium channel (Ica) is the activator of
the Ca> release channels of the sarcoplasmic reticulum (SR)
(Fabiato and Fabiato, 1979; Cleemann and Morad, 1991;
Sipido and Wier, 1991; Fabiato, 1983; Stern and Lakatta,
1992); by definition, this is calcium-induced Ca>2 release
(CICR). Ca` released via this mechanism binds to
troponin-C and initiates formation of actin-myosin cross-
bridges, causing contraction. It is known that both Ca>2 re-
lease and resulting contraction are closely graded according
to the amount of Ca>2 entry, with submaximal Ca>2 currents
eliciting partial releases (Cleemann and Morad, 1991; Sipido
and Wier, 1991; Cannell et al., 1987). This situation creates
a paradox because of the expectation that CICR should ex-
hibit strong positive feedback and lead to all-or-none Ca>2
release. Two kinds of mechanisms have been suggested to
explain this dilemma. (i) Existence of morphological sub-
domains that separate trigger Ca> from the released Ca>.
Ca>2 entering through the L-type Ca>2 channel might have
preferential access to the activation site on the ryanodine
receptor (RyR), with released Ca>2 exerting little positive
feedback on further release (Stern, 1992; Gyorke and Palade,
1993). (ii) Existence of some negative control mechanism at
the Ca>2 release level that counters the intrinsic positive feed-
back of CICR. Ca2+-dependent inactivation of release has
been demonstrated in skinned cardiac myocytes (Fabiato,
1985a) and in isolated SR vesicles (Chamberlain et al., 1984;
Meissner and Henderson, 1987; Chu et al., 1993). Recently,
it has been reported that cardiac SR Ca>2 release channels,
incorporated in lipid bilayers and activated by photolysis of
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caged Ca>, undergo a unique kind of inactivation process
characterized by the ability of apparently inactivated stores
to be reactivated by higher [Ca>] (Gyorke and Fill, 1993).
The main difficulty in discriminating between these
mechanisms at the whole cell level is that the Ca> current
itself exhibits a rapid inactivation (Lee et al., 1985; Hadley
and Hume, 1985; Cohen and Lederer, 1987), which obscures
any inactivation process for Ca> release. To overcome
this obstacle, we used FPL 64176, an L-type Ca> channel
agonist that reduces ICa inactivation (Rampe and Lacerda,
1991). By slowing down IC. inactivation, we unmasked a
separate, rapid (T - 15 ms), negative control mechanism,
operating at the SR Ca> release level. This negative control
mechanism is different from conventional inactivation/
desensitization in that apparently inactivated release can be
reactivated by a further increase in trigger Ca>. Thus, this
study presents experimental evidence that RyR adaptation is
a control mechanism for CICR in cardiac myocytes.
MATERIALS AND METHODS
Single ventricular myocytes were obtained from adult Sprague-Dawley rat
hearts by enzymatic dissociation (Yazawa et al., 1990). The cells were loaded
with fluo-3 by a 20-min incubation with 5,lM fluo-3 (acetoxymethyl ester formn,
Molecular Probes Inc, Eugene, OR) at room temperature. Membrane current
were recorded using the whole-cell patch-clamp technique (Hamill et al., 1981).
Pipettes had resistances of3-5 M[l when filled with internal solution containing
120 mM Cs-aspartate, 20 mM CsCl, 3 mM Na2ATP, 3.5 mM MgCI2, 5 mM
HEPES, and 50 ,uM fluo-3 (pentaammonium salt, Molecular Probes) (pH 7.3).
The external solution contained 140mM NaCl, 3.0 mM CsCl, 0.5 mM MgCl2,
1.0 mM CaCl2, 10mM HEPES, 0.25 mM NaH2PO4, 5.6 mM glucose, and 10
,uM TIX (pH 7.3). Voltage pulses were applied from a holding potential of -50
mV at 30-s intervals. Current signalswere filtered at 2 kHz and sampled at 4 kHz.
Optical measurements were performed with an inverted microscope equipped
with a photomultiplier tube. Light from a 150 W Xenon lamp was directed
through a 485 nm excitation filter and reflected off a 505 nm dichroic mirror
through a long working 20X fluor objective (Nikon). The emitted light was
collected through the same objective and dichroic mirror and filtered with a
530 nm band pass filter (Omega Optical, Brattleboro, VT). Optical signals were
filtered at 500 Hz, sampled at 4 kHz, and normalized to the resting fluorescence
(AF/F). All experiments were performed at room temperature (20-230C).
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SR microsomes were isolated by differential centrifugation of dog heart
homogenates by standard procedures (Tate et al., 1985). Ca21 uptake and
caffeine-induced Ca2' release under control conditions and in the presence
of 1 ,uM FPL 64176 were measured as described elsewhere (Dettbarn and
Palade, 1993).
RESULTS AND DISCUSSION
Fig. 1 shows traces of inward Ca>2 current and intracellular
Ca2+ transient recorded during a depolarizing pulse from -50 to
+30 mV in an isolated rat myocyte loaded with the fluorescent
Ca2+ indicator fluo-3. At 30 mV, the amplitude of Ic is de-
creased because of a reduced driving force for Ca2+; conse-
quently, the Ca` release is also submaximal. The dotted line
shows the maximal Ca2+ transient recorded with a depolarizing
pulse toO mV. In the upper part of the figure, the first derivative
of Ca2+ transients is used as a measure of the rate of change in
intracellular Ca2+. In rat myocytes during Ca2+ transients, SR
Ca+ release far surpasses any other Ca`+ flux into or out of
myoplasm, including flux through the L-type Ca2+ channels, SR
pump flux (Wier et al., 1994), and Ca2+ removal by the Na+/
Ca2+ exchange (Bers et al., 1990). In our experiments as well,
the rate of decline of the Ca2+ transient, a rough indicator of the
rate of Ca2+ removal from the myoplasm (although some re-
sidual Ca2+ release after repolarization cannot be excluded) is
about 10 times slower than the rate of rise of the Ca+ transient.
Thus, the decay of the total Ca2+-change signal must result
mainly from a reduction in the Ca2+ release and could not be
accounted for by stimulation of an extrusion or sequestration
mechanism. The early decay ofrelease is not caused by depletion
of Ca2+ from the SR, because only a fraction of the total intra-
cellular Ca> is released at 30 mV. Because the rates of ICa in-
activation and release decay exhibit similar kinetics, at least at
this membrane potential (Fig. 1, inset), decay of release could
be driven by inactivation of trigger ICa. Such an explanation
would be consistent with preferential access models for CICR
(Stem, 1992; Gyorke and Palade, 1993).
To determine if release termination is indeed caused by
inactivation of trigger IC. or if a separate inactivation mecha-
nism exists for Ca" release, we used the Ca" channel ago-
nist FPL 64176, which is known to reduce ICa inactivation
(Rampe and Lacerda, 1991). Fig. 2 shows IC, Ca>2 transient
and the first derivative of the transient under the same con-
ditions as in Fig. 1, but with 1 ,uM FPL 64176 in the external
solution. As can be seen, inactivation of ICa is dramatically
slowed down by the drug at this potential. Despite the slow
ICa inactivation, submaximal release (at 30 mV) still exhib-
ited a rapid decay (Fig 2, inset). In a total of five experiments,
ICa at 30 mV decayed with time constants of 19.5 ± 3.3 and
167.9 ± 32.4 ms (Mean ± SD) under control conditions and
in the presence of 1 ,uM FPL 64176, respectively. At the
same time, decay of release, as determined by fitting expo-
nentials to the descending phase of the first derivative traces,
did not change significantly (14.9 ± 2.7 and 14.3 ± 1.2 ms,
respectively). These experiments show that decay of release
does not follow inactivation of ICa. Instead, the release
mechanism itself exhibits a separate inactivation that termi-
nates the release despite the continued flow of trigger ICa and
before Ca>2 is depleted from the SR.
FPL 64176 also causes a dramatic increase in the size of
tail ICa after repolarization (Fig. 2). This effect can be at-
tributed to reduced ICa inactivation because tail currents re-
sult from an increase in Ca>2 influx through channels that
have not inactivated during the pulse. The big tail current in
the presence of the drug elicits a new large release from
apparently inactivated stores (Fig. 2).
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FIGURE 1 Changes of IC. and intracellular [Ca2+] under control condi-
tions. Traces of calcium current (Ic,), intracellular Ca2" transient ([Ca]), and
first derivative of the Ca2" transient (d[Ca]/dt) acquired simultaneously
during a depolarizing pulse from -50 to 30 mV (VM). The dotted line is the
maximal Ca2+ transient recorded in the same cell during a depolarizing pulse
to mV. (inset) The descending phases of Ic, and first derivative of the Ca2"
transient were best fit by a single exponential function (expanded scale).
Time constants for decays of IC and d(AF/F)/dt are 16 and 14 ms, respec-
tively. Data are representative of 12 experiments.
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FIGURE 2 I and Ca2+ release termination in the presence ofFPL 64176.
Traces of calcium current (Ia), intracellular Ca21 transients ([Ca]), and first
derivative of the Ca21 transients (d[Ca]/dt) acquired simultaneously during
depolarizing pulses from -50 to 30 mV (VM) 8 min after addition of 1 JIM
FPL 64176 to the bath solution. The dotted line is the maximal Ca21 transient
recorded in the same cell during a depolarizing pulse to 0 mV. The inset
compares time courses of the descending phases of ICa and first derivatives
of the Ca2+ transients. Although the rate of Ic, inactivation is dramatically
slowed down (T = 259 ms), termination of release exhibits similar kinetics
(T = 15 ms) as under control conditions (Fig. 1). Data are representative of
six experiments.
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To demonstrate that most of the fluorescent signal is in-
deed caused by release of Ca" from the SR, in Fig. 3 we
depleted Ca" stores using ryanodine. As can be seen from
the trace in the presence of ryanodine, Ica itself makes only
a very small contribution to the rate of rise of intracellular
[Ca"]. Therefore, most of the fluorescence signal during the
depolarizing pulse as well as upon repolarization is normally
caused by CICR. FPL 64176 had no effect on Ca" uptake/
release properties of the SR, as determined by Ca> uptake/
release measurements in an isolated SR preparation as out-
lined in the Materials and Methods (not shown). Therefore,
the results of our whole-cell measurements are not likely to
be accounted for by FPL 64176 having a direct effect on Ca>
uptake or release.
Secondary releases can be also observed under control
conditions, with no drug in the solution, after depolarizing
pulses to sufficiently high potentials (Cannell et al., 1987;
Beuckelmann and Wier, 1988; Cleeman and Morad, 1991).
Under normal conditions, however, ICa inactivates during the
pulse nearly completely. Under these conditions, secondary
releases could be explained by assuming that the release
mechanism has no inactivation of its own but simply follows
ICa, as predicted by local control models (Stem, 1992; Gyorke
and Palade, 1993). Our experiments with FPL 64176 dem-
onstrate that a negative control mechanism does exist for SR
release, because Ca>2 liberation rapidly decays, whereas ICa
is sustained essentially at the same level.
The ability of release to be reactivated by secondary in-
creases in trigger 'Ca suggests that this negative feedback is
not a conventional type of inactivation. Recently, it has been
demonstrated that intracellular Ca>2 release channels includ-
ing the inositol 1,4,5 trisphosphate (OP3) receptor and RyR
exhibit a unique adaptive behavior characterized by the abil-
ity of apparently inactivated stores to respond to higher doses
of agonist (Muallem et al., 1989; Ferris et al., 1992; Gyorke
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FIGURE 3 Effects of ryanodine on changes in ICa and [Ca2+] in the pres-
ence of FPL 64176. Traces of calcium currents (Ic,), intracellular Ca21
transients ([Ca]), and first derivatives of the Ca2+ transients (d[Ca]/dt) re-
corded during depolarizing pulses to 0 mV under control conditions (left),
2 min after addition oft1 ,uM FPL 64176 (middle), and 4 min after addition
of 10 ,uM ryanodine (right). Data are representative of five experiments.
and Fill, 1993). The mechanism of this phenomenon is not
known, but for the cardiac RyR it appears to be a feature of
individual release channels, as revealed by single-channel
bilayer experiments (Gyorke and Fill, 1993). Although RyR
adaptation in bilayer experiments was too slow (1 s) to ac-
count for decay of CICR in situ, our whole cell results sug-
gest that the same process inside the cell, with all structural
components of the E-C coupling machinery intact and meta-
bolic factors present, proceeds at a much faster rate, actually
terminating the release process. Recently, existence of a
similar regulatory mechanism has been demonstrated in
crayfish skeletal muscle (Gyorke and Palade, 1994), in which
the process of excitation-contraction coupling also relays on
Ca2"-induced Ca2" release (Gyorke and Palade, 1993).
Taken together, these results indicate that CICR in muscle is
controlled by a unique regulatory mechanism found in in-
tracellular Ca2" release channels including the ryanodine and
IP3 receptors. By countering the intrinsic positive feedback
of CICR, this mechanism could account for or contribute to
the graded nature of Ca2" release in heart. In addition, by
preventing release during later phases of the inward Ca2"
current, this mechanism would also enable stores to be re-
loaded after Ca2" release. Thus, this mechanism could ex-
plain how the transsarcolemmal Ca2" entry can both induce
Ca2" release from the SR and serve to load Ca2" into the SR
during a given beat (Fabiato, 1985b).
We thank Drs. 0. Hamill, M. Brodwick, and M. Fill for reading the manu-
script. FPL 64176 was a generous gift from Fisons Pharmaceuticals,
Leicestershire, England.
This work was supported by grants from the American Heart Association
(S. Gyorke) and National Institutes of Health (P. Palade, grant no. HL
42527) and by Japan Heart Foundation in the form of an International Re-
search Fellowship (K. Yasui).
REFERENCES
Bers, D. M., W. J. Lederer, and J. R. Berlin. 1990. Intracellular Ca transients
in rat cardiac myocytes: role of Na/Ca exchange in excitation-contraction
coupling. Am. J. PhysioL 258:C944-C954.
Beuckelmann, D. J., and W. G. Wier. 1988. Mechanism of release ofcalcium
from sarcoplasmic reticulum of guinea-pig cardiac cells. J. Physiol. 405:
233-255.
Cannell, M. B., J. R. Berlin, and W. J. Lederer. 1987. Effect of membrane
potential changes on the calcium transient in single rat cardiac muscle
cells. Science. 238:1419-1423.
Chamberlain B. K., P. Volpe, and S. Fleischer. 1984. Calcium-induced cal-
cium release from purified cardiac sarcoplasmic reticulum vesicles.
J. Bio. Chem. 259:7540-7546.
Chu, A., M. Fill, E. Stefani, and M. L. Entman. 1993. Cytoplasmic Ca2" does
not inhibit the cardiac muscle sarcoplasmic reticulum ryanodine receptor
Ca2" channel, although Ca2"-induced inactivation of Ca2" release is ob-
served in native vesicles. J. Membr. BioL 135:49-59.
Cleemann, L., and M. Morad. 1991. Role of Ca2" channel in cardiac
excitation-contraction coupling in the rat: evidence from Ca2" transients
and contraction. J. PhysioL 432:283-312.
Cohen, N. M., and W. J. Lederer. 1987. Changes in the calcium current
of rat heart ventricular myocytes during development. J. Physiol. 406:
115-146.
Dettbarn, C., and P. Palade. 1993. Arachidonic acid-induced Ca2" re-
lease from isolated sarcoplasmic reticulum. Biochem. Pharmacol. 45:
1301-1309.
460 Biophysical Joumal Volume 67 July 1994
Fabiato, A. 1983. Calcium-induced release of calcium from the cardiac
sarcoplasmic reticulum. Am. J. Physiol. 245:C1-C14.
Fabiato, A. 1985a. Time and calcium dependence of activation and inac-
tivation of calcium-induced release of calcium from the sarcoplasmic
reticulum of a skinned canine cardiac Purkinje cell. J. Gen. Physiol. 85:
247-289.
Fabiato, A. 1985b. Stimulated calcium current can both cause calcium load-
ing and trigger calcium release from the sarcoplasmic reticulum of a
skinned canine cardiac Purkinje cell. J. Gen. Physiol. 85:291-320.
Fabiato, A., and F. Fabiato. 1979. Use of chlorotetracycline fluorescence to
demonstrate Ca2+-induced release of Ca2+ from the sarcoplasmic reticu-
lum of skinned cardiac cells. Nature. 281:146-148.
Ferris, C. D., A. M. Cameron, R. L. Huganir, and S. H. Snyder. 1992.
Quantal calcium release by purified reconstituted inositol 1,4,5,-
trisphosphate receptors. Nature. 356:351-352.
Hadley, R. W., and J. R. Hume. 1985. An intrinsic potential-dependent
inactivation mechanism associated with calcium channels in guinea pig
myocytes. J. Physiol. 389:205-222.
Hamill, 0. P., Marty, A., Neher, E., Sakmann, B., and Sigworth, F. J. 1981.
Improved patch-clampe techniques for high resolution current recording
from cells and cell-free membrane patches. Pflugers Arch. 391:85-100.
Gyorke, S., and M. Fill. 1993. Ryanodine receptor adaptation: control
mechanism of Ca2+-induced Ca2" release in heart. Science. 260:807-809.
Gyorke, S., and P. Palade. 1993. Role of local Ca2' domains in activation
of Ca2+-induced Ca2' release in crayfish muscle. Am. J. Physiol. 264:
C1505-C1512.
Gyorke, S., and P. Palade. 1994. Ca2+-dependent negative control mecha-
nism for Ca2+-induced Ca2' release in crayfish muscle. J. Physiol. 476:
315-322.
Lee, K. S., E. Morban, and R. W. Tsien. 1985. Inactivation of Ca21 channels
in mammalian heart cells: joint dependence on membrane potential and
intracellular Ca2". J. Physiol. 364:395-411.
Meissner, G., and J. S. Henderson. 1987. Rapid calcium release from cardiac
sarcoplasmic reticulum vesicles is dependent on Ca2" and is modulated
by Mg2", adenine, nucleotide, and calmodilin. J. Bio. Chem. 262:
3065-3073.
Muallem, S., S. J. Pandol., and T. G. Beeker. 1989. Hormone-evoked cal-
cium release from intracellular stores is a quantal process. J. Biol. Chem.
264:205-212.
Rampe, D., and A. E. Lacerda. 1991. A new site for the activation of car-
diac calcium channels defined by the nondihydropyridine FPL 64176.
J. Pharmacol. Exp. Ther. 259:982-987.
Sipido, K., and W. G. Wier. 1991. Flux of calcium across the sarcoplasmic
reticulum of guinea-pig cardiac cells during excitation-contraction cou-
pling. J. Physiol. 435:605-630.
Stem, M. D. 1992. Theory of excitation-contraction coupling in cardiac
muscle. Biophys. J. 63:497-517.
Stem, M. D., and E. Lakatta. 1992. Excitation-contraction coupling in the
heart: the state of the question. FASEB J. 6:3092-3100.
Tate, C. A., R. J. Bick, A. Chu, W. B. Van Winkle, and M. L. Entman. 1985.
Nucleotide specificity of canine cardiac sarcoplasmic reticulum. GTP-
induced calcium accumulation and GTPase activity. J. Bio. Chem. 260:
9618-9623.
Wier, W. G., T. M. Egan, J. R. Lopez-Lopez, and W. Balke. 1994. Local
control of excitation-contraction coupling in rat heart cells. J. Physiol.
474:463-471.
Yazawa, K., M. Kaibara, M. Ohara, and M. Kameyama. 1990. An improved
method for isolating cardiac myocytes useful for patch-clamp studies.
Jpn. J. Physiol. 40:157-163.
